INTRODUCTION 6 9
The supralittoral sandhopper Talitrus saltator (Montagu, 1808) to return as quick as possible to the 7 0 belt of damp sand in which it lives buried during the day orientates along the sea-land axis of the 1 0 2 the transverse plane. The embedded specimen in an Epon-Araldite mixture same as the TEM 1 3 7 observation were sectioned parallel to the optical axis of each ommatidium and stained with 1 3 8 Toluidine blue. We lined the optical axis between the centre of the proximal region and the distal 1 3 9 end of the crystalline cone at the both ends of the unpainted area ( Fig.3 A, D) to find the line of the 1 4 0 dichotomy between the dorsal and ventral visual field predicted. Because of the easy deformation of the eye structure when the body is pressed, the animal was 1 4 4 gently treated not to give any mechanical stress. Therefore, the whole animal was used but only the 1 4 5 tail region was cut in the seawater to prevent from the mechanical stress. The whole body without 1 4 6 tail region was put into the plastic tube, and placed only the head part including the compound eyes 1 4 7 out of the tube. The body side of the head was glued to a tube using melted beeswax and resin (1:1) 1 4 8 ( Fig. 1A) . The body was placed inside of the tube, and was filled with artificial seawater. The 1 4 9 indifferent electrode, a chloride silver wire, was placed into the tube (Fig. 1B) to connect 1 5 0 electrically through the cut area at the tail. To compare the spectral response curve measured between dorsal part (DP) and ventral part (VP), contained an equal number of photons. At all wavelengths, the maximum irradiances available at 1 7 5 the surface of the eye were 1.3 X 10 14 quanta/ cm 2 /s. The light intensity was altered with quartz 1 7 6 neutral-density filters (Vacuum Optics Corp., Japan) to obtain intensity-response (V-log I) curves. To get the spectral-response curves, the light irradiance of each testing light was 1.3 X 10 13 1 7 8 quanta/cm 2 /s, which corresponds with 1 log unit lower than the maximum irradiance. Each beam to 17:00 h during the day. Behavioural experiments were carried out in a confined environment by using a device similar to 1 8 6 that described by Ugolini and Macchi (1988) . It consisted on a tripod supporting a horizontal Plexiglas screen (diameter = 30 cm, height = 3 cm). Sandhoppers were dehydrated for a few minutes before being tested in order to motivate them to 1 9 2 orientate seaward. Groups of 10-15 individuals were released into the bowl at a time since it has 1 9 3 been demonstrated their non-reciprocal influence in performing directional choices (Scapini et al., 1 9 4 1981). A single direction (error ± 2.5°) for each radially-oriented animal (with the head pointed 1 9 5 toward the outside of the bowl and the longitudinal axis of the body oriented no more than ± 45° 1 9 6 from the radius of the bowl) was measured from freeze-frame images recorded by using a video-1 9 7 camera placed under the apparatus. In each trial, even the number of radially orientated individuals 1 9 8 out of the total number of individuals released was registered. In order to assess the eventual regionalization of the visual pigments within the compound eye of 2 0 0 this species, we tested separately both intact individuals and sandhoppers subjected to the occlusion 2 0 1 of discrete regions of their eyes. In particular, we performed the following experimental treatments: 2) painting of their whole eyes except for the dorsal edge (the 2/3 ventral part, VP) ( Fig. 1D ). Tests were repeated in conditions of sun visible and with its vision prevented by using a screen (42 2 0 9
x 42 cm) placed at a distance of about 2 m from the bowl. The length of the mean resultant vector (r) and the mean angle were calculated (α). To establish 2 1 3 whether the distributions differed statistically from uniformity the V-test was used (P<0.05 at least). For each distribution the goodness of orientation (v = r cos |αδ |, δ = expected direction, ranging 2 1 5 from 0 to 1) was measured to estimate the concentration of the directional choices exhibited by the Furthermore, in order to evaluate if discrete distributions were statistically different from each other 2 1 9
we carried out pairwise comparisons by using the Watson's U 2 test (P<0.05 at least). Since the frequency of radially-orientated individuals is considered a good indicator to assess the 2 2 1 difficulty of sandhoppers in their directional choices we conducted statistical comparisons between 2 2 2 frequencies recorded in different trials by using the G-test (P<0.05 at least) (Zar, 1984). The compound eye of T. saltator is sessile, and each ommatidium is observed as black dots using a 2 2 8 light microscope (Fig.2 A) . The cornea of each ommatidium possesses no curvature and entire 2 2 9 cornea of the compound eye also has no curvature. The surface of the cornea covering the eye is 2 3 0 smooth and not divided into facets as in many other compound eyes when observed by the 2 3 1 NanoSuit method using a SEM (Fig.2 B) . TEM observation revealed that each ommatidium is 2 3 2 located beneath an undifferentiated cuticlar lens and the existence of the long crystalline cone. The cone, there are rhabdoms produced by retinular cells without crystalline tract, therefore the 2 3 5
compound eye of T. saltator is classified in apposition-type. The schematic drawings of Fig. 3 A-E show the visual fields of DP or VP when they were covered 2 4 8 by black paint. Each Θ of DP was 55°, therefore the animal might be able to obtain a visual field of 9
In the releases conducted under the natural sun and sky not treated individuals (controls) exhibited a Pairwise comparisons between distributions conducted by the Watson's U 2 test did not reach the differed statistically from each other (G-test, G = 9.745, df = 2, P<0.01, Fig. 6 A) . difference in the frequencies of radially-orientated sandhoppers registered in discrete trials did not 2 8 8
reach the statistical significance (G-test, G = 2.778. df = 2, P = NS, Fig. 6 B) . In experiments carried out under the blue gelatine filter and the vision of the sun allowed, controls 2 9 0 exhibited a mean orientation significantly concordant with the expect direction ( Fig.5 G) ; indeed, 2 9 1 the value of the goodness of orientation recorded was 0.56. Even the directional choices performed 2 9 2 by individuals subjected to the occlusion of either the DP (Fig. 5 H) or the VP (Fig. 5I ) of their eyes 2 9 3
were mainly orientated in accordance with the seaward direction of their home beach; the values of 2 9 4 v calculated from these trials were 0.53 and 0.68 respectively. Pairwise comparisons carried out by the Watson's U 2 test revealed that the distributions did not 2 9 6 differed statistically each other. Instead, significant differences in the frequencies of radially- orientated sandhoppers were pointed out (G-test, G = 6.784, df = 2, P<0.05, Fig. 6 C) . In tests of spectral filtering carried out with the vision of the sun prevented intact sandhoppers (Fig. resultant vector was deflected by 52° from the expected direction ( Fig. 5 K) . Watson's U 2 test, U 2 (68, 34) = 0.347. P<0.005). Even significant differences in the frequencies of 3 1 1 radially-orientated individuals were revealed (G-test, G = 15.888, df = 2, P<0.001, Fig. 6 D) . Wehner and Labhart, 2006 for reviews). The eyes of insects provided with the DRA also exhibit an Recently, studies of molecular phylogenetic have reported that insects and crustaceans are closely investigation on crustacean eyes. previous studies also showed the capability of sandhoppers to perceive polarized light in the blue orientation has not been clarified in T. saltator. It has been speculated to be responsible for From the previous research, it is known that the visual pigments of animals have a maximum peak the value obtained for control sandhoppers. However, it is important to underline that the goodness 4 1 2 of orientation is influenced by the number of radially-orientated animals and its value increases as the higher goodness of orientation value recorded for sandhoppers with the 2/3 VP area painted than 4 1 7 controls (0.87 vs 0.56) was putatively due to the different sample sizes.
1 8
Therefore, our paper suggests that even T. saltator exhibits a regionalization of their visual 4 1 9
capabilities necessary for celestial compass orientation (in the DP of its eyes) as well as many Cronin et al., 2014 , Horváth and Varjù, 2004 , Wehner, 1992 , Rossel, 1989 , T. saltator does not 4 2 2 use the polarization pattern as a compass cue, but uses the intensity/spectral gradient across the sky pointed out in the stomatopod Odontodactyllus scyllarus (see Cronin et al., 2014) , no evidence has 4 2 5 never been provided on the involvement of specific eye regions in the orienting behaviour of an area located in the DP of its eye specialised in detecting certain wavelength ranges involved in 4 2 8 the perception of skylight cues. We still don't know the role of R5 dominant in DP, however, in 1 4
Studies of molecular genetics show that insects and crustaceans have evolved from a common 4 3 9
ancestor (Dohle, 2001) , therefore compound eyes are also thought to have common characteristics.
0
In this paper, we show the regionalization, concerning with morphology, spectral response and 4 4 1 celestial compass orientation, in the eye of a crustacean. However, there are several differences in 4 4 2 the regionalization between the already reported insects' vision and our findings in T. saltator. One directional indication coming from the sun compass was opposite to that of the landscape. Ugolini, A., Galanti, G. and Mercatelli, L. (2013) . Do sandhoppers use the skylight polarization as a 
